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Propertiesof largeelectric fields in the plasmasheetat 4-7
���

measuredwith Polar

A. Keiling,� J.R. Wygant,� C. Cattell,� M. Johnson,� M. Temerin,� F. S.Mozer,�
C. A. Kletzing,� J.Scudder,� andC. T. Russell�
Abstract. Measurementsfrom the Polar satelliteprovide evidencefor large
electricfield structuresin the plasmasheetat geocentricdistancesof 4-7 �	� .
Thesestructureshadamplitudesperpendicularto theambientmagneticfield that
canexceed100mV m 
 � (6 s averaged).Two years(from May 1, 1996,to April
30,1998)of electricfield data( �� component,approximatelyalongGSE � ) were
surveyed. The distribution in invariantlatitude(ILAT) andmagneticlocal time
(MLT) of large perpendicularelectricfield events(definedas � 20 mV m 
 � for
a 6-s average)delineatesthe statisticalauroraloval with the majority of events
occurringin thenightsidecenteredaroundmidnightanda smallerconcentration
around1500MLT. Themagnitude-versus-altitudedistributionof theelectricfields
between4 and7 �	� in thenightsidecouldbeexplainedby modelswhich assume
eithershearAlfv énwavespropagatinginto regionsof largerbackgroundmagnetic
fieldsor electrostaticstructuresbeingmappedquasi-staticallyalongequipotential
magneticfield lines. In addition,thissurvey yielded24very largeamplitudeevents
with ��������� 100mV m 
 � (6 s averaged),all of which occurredin thenightside.
In thespacecraftframe,theelectricfield structuresoccurredon timescalesranging
from 10 to 60 s. About 85% of theseeventsoccurredin the vicinity of the
outerboundaryof theplasmasheet;therestoccurredin thecentralplasmasheet.
The polarity of the electricfields wasdominantlyperpendicularto the nominal
plasmasheetboundary. For a largefractionof events( � 50%)theratiosof electric
andmagneticfields in the periodrangefrom 10 to 60 s wereconsistentwith
Alfv énwaves.LargePoynting flux (up to 2.5ergscm
 � s
 � ) dominantlydirected
downwardalongthebackgroundmagneticfield wasassociatedwith 21events.All
24 eventsoccurredduringgeomagneticdisturbancessuchasmagneticsubstorms.
A conjugatestudywith groundstationsfor 14events(outof the24events)showed
that thesestructuresoccurredduring timesof rapidchangesin the � component
(or � component)of magnetometerdata.For mosteventsthis time corresponded
to theexpansionphase;two eventsoccurredduringaquickrecoveryof thenegative� baysignature.Thusthereis evidencethatlargeelectromagneticenergy transfer
processesin theplasmasheetoccurduringthemostdynamicphaseof geomagnetic
disturbances.Fromthestatisticalanalysisit wasfoundthatPolarobservedevents
larger than100 mV m 
 � (50 mV m 
 � ) in the plasmasheetbetween2100and
0300MLT with a 2-4%(15%)probabilitypercrossing.Theseprobabilitieswill
becomparedto theprobabilityof substormoccurrenceduringPolarplasmasheet
crossings.



1. Intr oduction

The interestin large electricfields (perpendicularto the
ambientmagneticfield) on auroral field lines hasexisted
sincetheir first observation by Mozeret al. [1977]. It has
beenanongoingissuein auroralphysicsto discover theori-
gin of thesefields,andto establishtheir role in auroralphe-
nomena.Statisticalstudiesof electricfieldsin andabovethe
auroralzonemadewith datafrom S3-3[Mozeret al., 1977;
Bennettet al., 1983;Redsunet al., 1985], ISEE 1 [Mozer,
1981;Cattell etal., 1982;Levin etal., 1983],DE 1 [Gurnett
et al., 1984;WeimerandGurnett, 1993],Viking [Lindqvist
and Marklund, 1990], andFreja [Karlssonand Marklund,
1996] have establishedthat thesefields are commonfrom
theionosphereup to at least23 ��� geocentricdistance.Re-
centGeotailstudies[Cattellet al., 1994;Streedetal., 2000]
haveshown thatthey canoccurout to 100 ��� .

An importantresultfrom someof thesestudies[Bennett
et al., 1983;Redsunet al., 1985;Karlssonand Marklund,
1996] hasbeenthat the large perpendicularelectric fields
observed at altitudesbetween1400and8000km delineate
the statisticalauroraloval. This wasevidencethat the per-
pendicularelectricfields in this altituderangewererelated,
and led to the questionof whetherauroral electric fields
measuredat different altitudesresult from mappingalong
equipotentialmagneticfield lines of electrostaticstructures
created,presumably, in the auroral accelerationregion to
altitudesof observation. Mozer [1981] and Levin et al.
[1983] investigatedthis issue,andfor geocentricdistances
greaterthan4 � � their resultswereconsistentwith thesim-
ple model in which the electricfields mapquasi-statically
to high altitude. The decreasein magnitudeof the electric
field valueswith altitudewasexplainedthroughgeometrical
spreadingof equipotentialmagneticfield lines. Deviations
from this modelat lower altitudeswere interpretedasevi-
dencefor field-alignedpotentialdrops[Mozeret al., 1977;
Mozer, 1981;WeimerandGurnett, 1993]. Othertheoretical
studies[e.g., Hasegawa, 1976;Goertz, 1984;Mallinckrodt
andCarlson, 1978]andobservationalcasestudies[e.g.,Du-
binin et al., 1990;Lotko andStreltsov, 1997;Wygantet al.,
2000] have suggestedthat someof the electricfield struc-
turesseenin theauroralzoneandabovecouldbecausedby
Alfv énwaves,whichareelectromagneticstructures.

A regionof greatimportanceto auroralsubstormphysics
is theplasmasheetboundarylayer(PSBL).It is locatedbe-
tweenthetail lobesandthecentralplasmasheet(CPS),con-�
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nectingtheauroralaccelerationregion with the distanttail,
wherereconnectionprocesseshave beeninvoked [Baker et
al., 1996,andreferencestherein]. Thedeterminationof the
structureof thePSBLhasbeenanimportantissuein magne-
tosphericphysics,becausethe PSBL is intrinsically linked
to auroralphenomena.With respectto theelectricfield the
structureof the boundaryin the magnetotailhasbeenex-
plored by the ISEE satellites[Cattell et al., 1982; Peder-
senet al., 1985;Parks et al., 1984] at 7-23 ��� geocentric
distanceandby Geotail [Cattell et al., 1994;Streedet al.,
2000] up to 100 ��� . A recentPolar study by Wygant et
al. [2000],who examinedlargeperpendicularelectricfields
( ! 100mV m "$# ) andassociatedmagneticfield fluctuations
in the PSBL at geocentricdistancesof 4-6 ��� during two
plasmasheetpasses,showed that the fields were consis-
tent with Alfv énwavescarryinglarge Poynting fluxes(1-2
ergs cm"&% s"$# , in situ) alongthe magneticfield toward the
ionosphere,andthat thefieldsweremagneticallyconjugate
to intenseauroralstructures.

In this paperwe will presentthe first statisticalstudyof
electricfieldsin thehigh-altitudeNorthernHemispherecov-
eringtheperiodfrom May 1, 1996,to April 30,1998,using
datafrom the Polarsatellite. We examinedlow-resolution
spin-averageddata ( ' 1/6 Hz). Only the componentper-
pendicularto the ambientmagneticfield was considered.
Thedependenceof theelectricfield on magneticlocal time
(MLT), invariant latitude (ILAT), and geocentricdistance
was investigated.This studycomplementsprevious statis-
tical studiesby makinguseof Polar’s uniqueorbit andat-
temptsto shedfurther light on the spatialdistribution, oc-
currencefrequency, andmappingcharacteristicsof perpen-
dicularelectricfields on auroralfield lines. Polaris placed
in an18-hourpolarorbit (80( inclination),with perigeeand
apogeeof 2.2 and 8.5 ��� , respectively. Henceit offers
the opportunityto examinethe plasmasheetand its pole-
ward boundaryat geocentricdistancesof 4-7 � � , a region
which is intermediatebetweenthe auroralaccelerationre-
gion ( ) 1-3 � � ) andthe moredistantportionsof the mag-
netotail. A studyof this region is relevant for processesin
the auroralaccelerationregion and in the magnetotail. In
additionto the largedatabasestatisticalstudy, a casestudy
of the largestperpendicularelectricfields (definedas ! 100
mV m "$# ) measuredby Polarwasdone.Twenty-fourof such
eventswerefoundduring the2-yeartime periodof thesta-
tisticalstudy. In ) 85%of thecasesthesatelliteencountered
thelargestof theelectricfieldsin a localizedregionnearthe
lobe-PSBLinterface;the remainingeventswerefound fur-
ther into theplasmasheet.As examplesof large-amplitude
events,we presentthreePolar passeswhich showed very
large perpendicularelectric fields in the PSBL at geocen-
tric distancesof 4.5-6 � � . Inspectionof the * -to-+ ratios
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of theperturbationfieldsgive evidencethata largefraction
( ' 50%)of the largestevents( , *.-.,/! 100mV m "$# ) areof
Alfv énicnature.Themajorityof events(21events)wereas-
sociatedwith strongearthwardPoynting flux. Furthermore,
a temporalcomparisonof 14of thelargestPolareventswith
groundmagnetometerrecordsis presented.Thegrounddata
allowed us to placethe spacecraftdatainto the context of
theoverallsubstormsystem.Oneimportantconclusionfrom
thiscomparisonis thattheseeventswereassociatedwith ge-
omagneticdisturbancessuchassubstormsoccurringin close
temporalproximity to substormonsetor intensification.

2. Instrumentation

In this studywe usedPolarspacecraftdatafrom theUni-
versity of California (UC) Berkeley Electric Field Instru-
ment [Harvey et al., 1995], the University of Californaia
at Los Angeles(UCLA) FluxgateMagnetometer[Russellet
al., 1995],andtheUniversityof Iowa HydraPlasmaInstru-
ment[Scudderet al., 1995].Theelectricfield is determined
from a measurementof the electricpotentialdifferencebe-
tweenpairsof current-biasedsphericalsensors.Thesesen-
sorsare deployed at the endsof threeorthogonalpairs of
boomswith tip-to-tip separationsof 100and130m (in the
spin plane)and 13.8 m (along the spin axis). The three-
axis electricfield vector is sampledat 20 samplesper sec-
ond(sometimesat40samplespersecond).For thestatistical
analysis,only datafrom thesensorsin thespinplane,which
is approximatelyalignedwith the local meridionalplane,
wereused. For otherpartsthe full three-dimensionalelec-
tric field vectorwasused.Themagneticfield vectoris sam-
pled at ) 8.3 samplesper secondby the three-dimensional
fluxgatemagnetometer. Theparticledetectorprovidesmea-
surementsof electronandion energy flux at 1.2- and12-s
time resolutions,of which the latter is usedin this study, in
theenergy rangefrom 12eV to 18 keV.

In additionto Polardata,we utilized magnetometerdata
from groundstationsto determinesubstormphases. The
ground magnetometerdata were taken from four magne-
tometerarrays:theCanadianAuroralNetwork for theOpen
Unified Study (CANOPUS), the MagnetometerArray for
CuspandCleft Studies(MACCS),the210degreeMeridian
Chain(210MM) [Yumotoet al., 1996],andtheInternational
Monitor for AuroralGeomagneticEffects(IMA GE).

3. Data Analysis

The electricfield datausedfor this studywereobtained
from key parameterdataandhigh-resolutiondata(20 and
40 samplespersecond).Theelectricfield in thekey param-
eterdatabaseis computedonceperspinperiod(6 s) apply-
ing sinewave spinfits to theelectricfieldsmeasuredin the

spacecraftspin plane. For the statisticalpart of this study,
we usedthe *.0 componentwhich points north (approxi-
matelyalongGSE 1 ), andat geocentricdistancesof 4-7 � �
on Polar’sorbit it is approximatelyperpendicularto theam-
bientmagneticfield andthenominalplasmasheetboundary.
Since*20 is notalwaysexactlyperpendicularto theambient
magneticfield, the valueof the full perpendicularcompo-
nentis slightly underestimated.A databasewasconstructed
from thekey parameterdatabaseby determiningthe largest
electricfield in each30-sinterval. This databasewasused
to generatedistribution plots for the electricfield as func-
tionsof ILAT, MLT, andgeocentricdistance.Only dataob-
tainedat locationswith ILAT between50( and90( (North-
ern Hemisphere)were included. During the period from
May 1, 1996,to April 30, 1998,the Polarspacecraftcom-
pleted ) 940orbitsandtwice asmany auroralzonecrossing
in the northernhemisphere,resulting in about1.7 million
evententriesin our database.Notethatfor differentpartsof
this study, subsetsof thedatabasewereused,which will be
indicatedwhenappropriate.

A typical passof Polar acrossthe northernhemisphere
shows large perpendicularelectric fields ( ! 20 mV m "$# )
in the plasmasheetand in the cusp. This is illustratedin
Figure1, which shows a projectiononto thenoon-midnight
planeof electricfield eventswith amplitudeslargerthan20
mV m "$# occurringbetween0900and1500MLT, and2100
and0300MLT asa functionof radialdistanceandmagnetic
latitude. The bulk of the datain the nightsideoccurredon
auroralfield linesbetween65( and75( andbetween4 and7��� geocentricdistance.Daysideelectricfield observations
occurredat higher latitudeand larger geocentricdistances.
Thealtituderangevariesbecauseof Polar’s elliptical orbit.
For mostpartsof this study, we characterizedelectricfields
onauroralfield linesin thenightside(moredetailis givenin
section4).

The electricfields inside the plasmasheetandthe cusp
are highly variable. An exampleof a plasmasheetcross-
ing observed by Polaron August29, 1997,during an out-
boundpassfrom theequatorialplaneto thetail lobeis given
in Plate1. Plates1a and1b show the two componentsof
theelectricfield measuredin the spinplaneof thesatellite.
The *43 componentof theelectricfield is approximatelyin
theecliptic plane,with positive valuesin thedirectionaway
from theSun.The *.0 componentpointsnorthwardandper-
pendicularto the ecliptic plane(approximatelyalongGSE1 ). Plate1c shows the east-westperturbationfrom the am-
bientmagneticfield. This componentlies approximatelyin
the planeof the nominalplasmasheet.Plate1d shows the
electrondensitydeterminedfrom the Hydra particledetec-
tor. Plates1e and1f show the energy spectraof ions and
electrons.Theintensityis color-codedwith redrepresenting
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thehighestintensityandbluerepresentingtheweakest.

DuringthepassonAugust29,1997,thesatelliteencoun-
teredthe inneredgeof the plasmasheetat ) 0950UT, in-
dicatedby the gradual,dispersive-like increaseof ion and
electronenergy up to plasmasheetvalues.Thecrossingof
the entire plasmasheetlastedfor ) 40 min, during which
Polarencounteredtwo field-alignedcurrentsheetsof oppo-
sitedirectionandone”bipolar” electricfield structure( ) 40
mV m "$# at 1020UT). At ) 1033UT, Polarmostprobably
crossedthelobe-PSBLinterface,enteringalow-energyelec-
tron region,known aspolarrain [WinninghamandHeikkila,
1974]. Polarrain is anindicatorfor openfield linesandex-
tendsacrossthepolarcap. At ) 1037UT thesatellitereen-
teredtheplasmasheet,inferredfrom theabruptincreasein
the ion andelectronfluxesto plasmasheetvalues.This in-
terpretationasopposedto aspatiallystructuredplasmasheet
is further supportedby Polar measurementsof the other
two magneticfield components(meridionalcomponents,not
shown) andthe GOES-9satellite(not shown), indicatinga
dipolarizationaround1037UT and1032UT, respectively.
This dipolarizationcausedan expansionof the outer edge
of the plasmasheet,which sweptby the satellite. Polarre-
mainedin the plasmasheetuntil around1200UT, whenit
againenteredtheloberegion, indicatedby low-energy elec-
tronsandno visible ions in the Hydra measurements(sim-
ilar to the first leaving of the plasmasheetat ) 1033UT).
It is interestingto note that the first and secondcrossings
of the lobe-PSBLinterfaceoccurredat very different val-
uesof ILAT, namely, ) 67( and ) 75( , respectively. This re-
flectsthewell-known thinningandexpansionof theplasma
sheet[e.g., Baumjohannet al., 1992]. This interpretation
alsoagreeswell with groundobservationsfor thisevent(pre-
sentedin section5.4),indicatingsubstormexpansionandre-
coveryphasesduringthetimeof theplasmasheetcrossing.

The secondentry of the plasmasheetat 1037UT coin-
cidedwith a densityjump of the electronsfrom 0.1 to 0.4
cm"65 , andadownwardcurrentsheetasindicatedby theshift
in thedc level of +�7 (Plate1c). Thecurrentsheetwascar-
ried over Polar owing to the rapid dipolarization. It most
likely is thesamecurrentsheetthatwasencounteredbefore
Polarleft theplasmasheetat ) 1033UT. Becauseof therela-
tivemotionof theboundaryandthesatellite,theslopeof +�7
is in theoppositedirection. After plasmasheetentry, Polar
encountereda localizedregionof largeelectricfield fluctua-
tions,lastingfor aperiodof ) 5 min in thespacecraftframe.
Within this region, high-resolutionmeasurementsprovide
evidencefor spiky electricfieldswith amplitudesrangingup
to300mV m "8# anddurationsof 1/10-1s(notshown). These
rapidtimevariationsweresuperimposedontheslowervary-
ing signalwith amplitudesof up to 120mV m "8# (6-saver-
age).Theelectricfield structurealsocoincidedwith strong

magneticfield fluctuations. For the remainingcrossingof
the plasmasheet(until ) 1200 UT), Polar recordedmuch
smallerelectricfields( ' 30mV m "$# ).

Furthermore,a computersearchwasconductedthat re-
cordedall eventsfor whichthe * 0 componentof theelectric
field exceededan amplitudeof 100 mV m "8# . The plasma
regions for theseeventsweredeterminedby inspectionof
particledata(Hydra). For 14 out of the24 events,we iden-
tified groundstationscloseto Polar’s magneticfootpointat
the event times. The grounddatawereusedto establisha
temporalrelationshipbetweenPolar’s largeelectricfield ob-
servationsandsubstormonset/intensification.Only theun-
filtered 9 (or : ) component,dependingon which magne-
tometerchainwasused,is presented,becauseit is thiscom-
ponentwhich respondsstrongestto thesubstormelectrojet.
This componentis routinely usedas an indicator of sub-
stormonset/intensification.The : componentpointsto ge-
ographicnorthwhereasthe 9 componentpointsto geomag-
netic north. The samplingrateof the grounddatawasdif-
ferent for differentmagnetometerchains,rangingbetween
onesamplepersecondandonesampleperminute. ;�< and= * indices(preliminary;no

= * index valueswereavailable
for 1996)werealsoconsultedto put theselarge-amplitude
eventsinto a globalgeomagneticactivity context.

4. Statistical Results

4.1. Location of Events

Plate2 presentsdistributionsof electricfield eventsver-
susILAT andMLT obtainedfrom thedatabasedescribedin
section3. Plate2a(Plates2b and2c) shows thedistribution
of eventswhoseperpendicularelectricfield component( * 0 )
asmeasuredby Polarexceeds20mV m "$# (50mV m "$# , 100
mV m "8# ). A dipolefield wasassumedfor themappingonto
ILAT. Notethatthedatawerenotnormalizedtoaccountfor a
possibleundersamplingof certainregionsin thelongitudinal
(MLT) direction.ThiswasnotnecessarybecausePolar’sor-
bit precessesoncea year, andsincethestudycoversexactly
2 years,eachMLT wasroughlyvisited4 times.Theuniform
datacoveragealongMLT is shown in Plate2d. The region
with ILAT ! 50( is divided into many small ”squares.” The
time spentby Polarin eachsquarewasdividedby the size
of the squareto remove biasescausedby small differences
in squaresize. Thecolor codethusrepresentsthedatacov-
eragein unitsof time/(unitarea)with redrepresentingmore
hoursandbluerepresentingless.Theactualtimespentis not
importanthere,but rathertheuniformity in the longitudinal
direction.

Almost all electric field eventswere locatedwithin the
statisticalauroraloval,which is centeredseveraldegreesan-
tisunwardof 90( with a few eventsoccurringinsidethesta-
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tistical polar cap. The distribution along the auroraloval
is not uniform. The daysideeventswere lessintensethan
the nightsideevents,which canbe seenby comparingthe
panelswith higher electric field thresholds. Events with, *.0>,?! 20 mV m "8# (Plate2a)aresymmetricallydistributed
aroundthenoon-midnightmeridianonthenightside.Onthe
daysideonecanidentify a smallconcentrationaround1500
MLT, which coincideswith the so-calledhot spot [Evans,
1985;Newell et al., 1996]. Eventslarger than50 mV m "$#
(Plate2b)occurredmostlyonthenightside,with a few more
eventsin the morningsectorandcoveringa wider rangeof
ILAT. Eventslarger than100 mV m "8# (Plate2c) occurred
only in the nightside, similarly distributed as the events
larger than50 mV m "$# . The total numberof suchevents,
however, is statisticallynot significantto concludethat the
morningsidehasa higherprobability for the largestevents.
Therearetwo 2-hourwide regionson thedawnside( ) 0500
MLT) andduskside( ) 1900MLT) whichshow significantly
lower event ratesthanthe surroundingregions. An investi-
gationof thedatacoverage(Plate2d) showsminimal varia-
tions in the longitudinaldirectionwhich cannotaccountfor
thetwo regionsof low-eventrate.

4.2. Altitude Dependence

For the rest of the statisticalanalysiswe only consider
eventsin the region definedby 65(@' ILAT ' 75( and2100' MLT ' 0300 (box outlined in Plate2a) in order to char-
acterizeperpendicularelectricfieldson auroralfield linesin
thenightside.Wechosethisregionbecauseit encompassesa
relativelyuniformdistributionof eventsincludingthelargest
events.Also, thecutoffsat65( and75( ILAT correspondap-
proximatelyto therangeof PSBLlocationsduringtimesof
differentgeomagneticactivities (compareAugust29, 1997,
event in Plate1). This databasecontains87,444events(as
definedin section3).

Figure2 shows a scatterplotof electricfield eventsver-
susgeocentricdistance.Consideringonly thelargestevents
(with , * 0 ,A! 100 mV m "8# ), one can concludethat the
magnitudedecreaseswith increasingaltitude.However, the
small numberof events larger than 100 mV m "$# is sta-
tistically not significant. Thereforewe consideredcontour
curves, which is describedin the next paragraph,to ana-
lyze the magnitude-versus-distancedistribution. The main
interest in the magnitude-versus-distancedistribution has
beenin establishinga mappingrelationshipfor perpendic-
ular electric fields at different altitudes. In the literature,
two approacheshave beentakento investigatethemapping
relationship. They are both derived from the assumption
of quasi-staticelectric fields and equipotentialfield lines
(calledstaticmodelhereinafter).The first relationis based
on a dipole magneticfield geometry[Mozer, 1976]. The

electricfield mapsto differentaltitudesaccordingto

*CBD*4E�FGIHAJAK@LGMHNJAK@L EPO	QRTS L ELVUXWRZY (1)

where H is the H value of the magneticfield line, and* and * E arethemappedelectricfieldsalongthemagnetic
field line at altitudes L and L\[ , respectively. *�E and L E are
referencevalues.Whenleaving thedipoleregion,it is better
to usetherelation

*C]_^ + Y (2)

where + is the local magneticfield strength. We have
appliedbothrelationshipsto thePolardata.In addition,we
testedthe databaseunderthe assumptionthat the observed
electric fields are the perturbationfields of shearAlfv én
waves. This hasnever beendonewith a large amountof
dataat altitudesof 4-7 ��� . If oneassumesthat the power
flow, ` =�acb Ecdfe *Ng e + , carriedby theshearAlfv énwavewith
electric( e * ) andmagnetic( e + ) perturbationfieldsalonga
flux tube with crosssection,

=
, is conserved (seesection

6 for exceptions),one can derive, using also the Alfv én
speed,hjikB e * a e + , and conservation of magneticflux
( + = Bmloncprqts alongtheflux tube),

e *u]Cv h i +Cw (3)

Note that if there are parallel potential drops present,
noneof the threerelationshipshold. However, otherstud-
ies [e.g.,Reiff et al., 1993] have established,usingparticle
energiesandhencenot relying on mappingalongmagnetic
field lines, thatmostfield-alignedpotentialdropsoccurbe-
low 15,000km (3.35 ��� geocentricdistance),which is be-
low thealtituderangeconsideredin thestudypresentedhere.

In orderto makeamorestatisticallysignificanttestof the
threemodels,we generatedcontourcurvesfrom thescatter-
plot (Figure2). A 1% contourcurve, for example,shows
the value of the electric field such that 1% of the events
within a certainaltituderange(herewe chose0.5 ��� ) have
a valuelarger thantheplottedvalue. Contourcurveselimi-
natetheweaknessof scatterplots,whichis arelianceononly
thelargestvaluesfor a givenaltitude.Figure3ashows four
contourcurves(0.5,1, 5, and20%)eachof which wascal-
culatedfrom thesameoriginal database.For eachcurve the
magnitudeof theelectricfield decreaseswith increasingal-
titude. Also, asexpected,the error barsaresmallerfor the
larger percentagecontourcurves. The lower (upper)value
of the error barsshows theelectricfield valueof the event,
which is obtainedaftersortingall eventsin acertainaltitude
rangeaccordingto magnitudeandselectingtheeventwhich
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precedes(follows)theplottedeventby ^ p$x events( p$x is the
totalnumberof eventsin thisaltituderange).

In comparison,Figure 3b shows four curvescalculated
from themodelequation(1). Eachcurveshows thetheoret-
ical variationsof the magnitudeof an electricfield, which
mapsquasi-staticallyalongmagneticfield lines in a dipole
field to differentaltitudes.Theelectricfield value( * E in (1))
usedasreferencefor eachcurvewasthefirst datapointto the
left of thecorrespondingcontourcurvein Figure3a.Theer-
ror barsin the modelcurvesresult from the uncertaintyinH value.Sincetheplasmasheetlocationfluctuateswith ge-
omagneticactivity, we can only estimatethat the H value
liesbetween65( and75( ILAT. A comparisonof thecurves
in Figures3a and3b clearlyshows thatwithin the rangeof
statisticaluncertainties,thedataandmodelareconsistent.

In additionto (1), Plate3 showsmodelcalculationsusing
the othertwo equations,(2) and(3). We selectedagainthe
first datapoint to the left for eachcurve of Figure3aasthe
referenceelectric fields, and we calculatedthe theoretical
electricfield valuesfor higheraltitudes. Eachcolor repre-
sentsa differentmappingschemedefinedby (1), (2), and
(3). Equation(2) requiresthe knowledgeof the local total
magneticfield strength.Usingthemagneticfield datain the
key parameterdatabase,themeanvalueof thetotalmagnetic
field values(calculatedfrom thethree-dimensionalmagnetic
field vectorat timesof all recordedelectricfield eventsin a
givenaltitudebin) wascomputedandusedin (2) to calculate
theelectricfield value.Theerrorbarsof thegreencurvesare
thestandarddeviationsof theelectricfield valuescalculated
from thestandarddeviation of themagneticfield appliedto
the usualerror propagationformula. Equation(3) requires
knowledgeof the local Alfv én speed. For 41 events(half
of which had , *20X,y! 50 mV m "$# ; the otherhalf was ' 50
mV m "$# ), wecalculatedtheAlfv énspeedfrom densitydata
(Hydra), assuming100%H z , andmagneticfield data. As
can be seenin Figure 4, the Alfv én speedvaried up to a
factorof 2 at thesamealtitude. To calculatethe theoretical
electricfield valuesatdifferentaltitudes,weapplieda linear
function for h i , indicatedby the solid line, in (3). For the
bluecurves,thevariationsin theAlfv énspeed,h i , werein-
cludedin theerrorcalculations.Althoughthethreemapping
schemesshow deviations,within therangeof thestatistical
uncertainties,they areindistinguishable.Thisshowsthatthe
consistency with thestaticmodel(asalreadyshown by other
researchers)doesnot rule out consistency with the Alfv én
wavemodelin astatisticalsense.

4.3. OccurrenceFrequency

We next examinethequestionof how often large-ampli-
tudeelectricfieldsoccur. Again,weonly considertheregion
outlinedby the box in Plate2a. Figure5 shows the proba-

bility distribution of electricfield eventswithin the defined
region asa function of magnitude.The readeris reminded
thattheamplitudeof aneventis determinedby thelargestof
five electricfield measurementsin a 30-sbin. The electric
fieldsaregroupedinto binsof 10-mV m "8# width. Because
of the large differencesin probability for differentelectric
field magnitudes,theprobabilitydistribution is displayedin
two panels.Thescaleon theleft of eachpanelshows prob-
abilitiescalculatedby dividing thenumberof eventsin each
electricfield bin by thetotalnumberof events.Theprobabil-
ities for , * 0 ,r' 10 mV m "$# and10 mV m "$#T'{, * 0 ,8' 20
mV m "$# are 0.936and 0.047, respectively. They are not
shown in Figure5 which startsat , * 0 ,$! 20 mV m "8# . The
generaltrendis thattheprobabilitydecreasesmonotonically
with increasingelectricfield magnitude.Usedasa proba-
bility model,the probabilitiesin Figure5 (left scale)allow
thedrawing of statisticalconclusions.It might, for example,
be useful to know how probableit is that Polarencounters
at leastoneelectricfield structurewith a certainamplitude
duringoneentireplasmasheetcrossing.Theseprobabilities
werecalculated(usingtheprobabilitymodel)andareshown
on theright of eachpanelin Figure5. Notethatthis scaleis
not linear. For example,the probability that Polarencoun-
teredat leastoneeventwith perpendicularelectricfield am-
plitudebetween40and50mV m "8# duringoneentireplasma
sheetcrossingwas ) 14%| 4%.Thecalculateduncertainties
in theprobabilities(right scale)resultfrom thefact thatPo-
lar’scrossingtimeof theentireplasmasheetvariedbetween
30 and60 min for differentcrossings(determinedfrom vi-
sualinspectionsof ) 40crossings).

In section5, it is shown that events with , * 0 ,! 100
mV m "$# are substorm-related. Therefore it is also in-
terestingto know how often thesevery large fields occur.
Plate2cshowsthat24eventswererecordedoveraperiodof
2 years.An alternative way of quantifyingtheir occurrence
frequency is by usingtheprobabilitymodelof Figure5. One
canshow that the probability of observingan electricfield
largerthan100mV m "$# within theoutlinedregion(Plate2a)
is ) 2% perplasmasheetcrossing.Similarly, onecanshow
that theprobabilityof observinganelectricfield largerthan
50 mV m "$# is ) 15% per plasmasheetcrossing. Instead
of using the probability model, a simple calculationusing
the numberof Polarorbits crossingthe definedregion dur-
ing 2 years( ) 475 orbits) and the numberof electricfield
events( ! 100mV m "$# ) yieldsaprobabilityof 4%,which is
comparableto 2%. Theseprobabilitieswill becomparedto
theprobabilityof substormoccurrenceduringPolarplasma
sheetcrossingsin section6.
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5. Substorm-RelatedElectric Fields

A computersearchof the entire databaseyielded 27
eventsthatshowedperpendicularelectricfieldsof morethan
100mV m "$# . All of theseeventswerelocatedin thenight-
sideplasmasheetbetween2100and0500MLT (Plate2c). A
visual inspectionof field andparticledatashowedthat they
occurredduring 24 plasmasheetcrossings. During three
plasmasheetcrossings,two (insteadof one) large electric
field pulses( ! 100 mV m "8# ) separatedby 1-3 min were
recorded. In the remainderof this paperwe refer to these
pairsassingleevents,thusyieldinga totalof 24 events.

A region of electricfield fluctuations( ! 5 mV m "$# ) sur-
roundingthe most intensestructureswasusuallyobserved,
thatlastedfor ) 5-30min in thespacecraftframe.Theregion
of mostintensefluctuations( ! 50mV m "8# ) lastedfor ) 1-5
min. Individual electricfield pulsesoccurredon timescales
of 10-60 s. Most of the 24 eventsrevealedelectric fields
largerthan300mV m "$# in thehigh-resolutionelectricfield
data. The geomagneticactivity during theseeventsranged
from quiet to highly active, with the ;< index andthe

= *
index (preliminary;nodataavailablefor 1996)takingonval-
uesbetween0+ and5+ andbetween) 40and ) 1100nT, re-
spectively. Although the

= * index was ' 100 nT for two
events(it was ! 150 nT for the remainingevents),an in-
spectionof magnetogramsfrom individual groundstations
nearPolar’s magneticallyconjugatefootpoint during these
two eventsindicatedgeomagneticactivity aswell. This will
beshown in moredetail in section5.4. Hencewe cancon-
cludethatgeomagneticdisturbancessuchassubstormswere
presentduringall 24 events.

5.1. PlasmaRegimes

In ) 85% of the eventsthe large electric field structure
wasfound at or nearthe poleward boundaryof the plasma
sheet(i.e., thePSBL).Theothereventsoccurreddeeperin-
sidetheplasmasheet.For someevents,Polarmayhave en-
counteredthe lobe-PSBLinterfacemore thanonce,which
led to uncertaintiesas to whether the event occurredin-
sidethe PSBL or CPS.The differentplasmaregimeswere
identified by examining the particle data from the Hydra
instrument. The lobe-PSBLinterfacecan be identified by
a flux increase(in the direction of decreasingILAT) of
ions and electronsaccompaniedby a density increaseof
ions and electrons. The width of the region over which
the fluxes increasedvaried considerablyin the spacecraft
frame. For someplasmasheetcrossings,one of which is
presentedin section5.5 (Plates4a-4e),theflux increaseoc-
curred abruptly, less than 2 min in the spacecraftframe.
In thesecasesthe large-amplitudeelectric fields were lo-
catedimmediatelyadjacentto the lobe-PSBLinterfaceon

the higher-densityside. For other plasmasheetcrossings,
particlefluxesgraduallyincreasedwith decreasingILAT (up
to 30min in thespacecraftframe).In thosecasesthelargest
electricfield fluctuationswerelocatedfurtherinto thePSBL.
Similar particleflux signatureshave beenreportedfor low-
altitudesatellites[e.g.,Lyons, 1991].

Anotheroften useddistinctionbetweenPSBL andCPS
is whethertheparticleflux is structuredor unstructured,re-
spectively. On thebasisof this criterion,we identifiedsome
eventsasoccurringinside the CPS.Four eventsalsocoin-
cidedwith a very localizedreduction(dropout)of the elec-
tron flux (anexampleis presentedin section5.5, Plates4f-
4j). In a few caseswe interpreteda particleflux dropoutas
a crossingof the lobe-PSBLboundaryinto the loberegion,
followed by a reenteringof the PSBL dueto an expanding
plasmasheet.Plate1 shows an examplewherewe believe
that this scenariois correct. Thedropoutlastedlonger, and
the electronenergy reachedvaluesthat are typical for tail
lobe electrons.Alternatively, a large dropoutcould be due
to a spatiallystructuredplasmasheetratherthana temporal
variationcausedby themotionof thePSBL.On thebasisof
24 events,the outerboundarylocationrangedfrom 65( to
78( ILAT, which supportsthe ideathatmultiple encounters
of thelobe-PSBLinterfaceduringonepassareprobable.

5.2. Polarization

The large-databasestatisticalstudypresentedin section
4 wasbasedonly on the * 0 component.This component
is approximatelyperpendicularto thenominalplasmasheet
boundaryat the altituderangeinvestigatedhere. The east-
westcomponentwasnot included.A knowledgeof theeast-
westcomponent,however, is importantfor investigatingthe
origin of the very large electricfields. Hencewe used(for
this analysisonly) electric field data in a magnetic-field-
alignedcoordinatesystem,in order to determinethe dom-
inantdirectionof the perpendicularcomponentof the large
electricfield structures.The two componentsare *~} FAC
(east-west)and *�� FAC (approximatelythe sameas * 0 ).
The resultsof this analysisare shown in Figure 6, which
shows theratiosof *~} FAC over *�� FAC, binnedby their
percentagevalues. The value, usedfor *~} FAC, was the
largestvalueobservedwithin 2 min surroundingthe largest
valuein *�� FAC. For themajorityof events(18 events)the
amplitudeof theeast-westcomponentwaslessthan40%of
thatof thenorth-southcomponent.

5.3. AssociationWith Field-Aligned Curr ents

Thelargeelectricfieldsoccurredin regionsof large-scale
field-alignedcurrents( ) 1( ILAT) inferred from magnetic
field measurements.Preliminary resultsshow that seven
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events were associatedwith upward currents,four in the
eveningsectorandthreein themorningsectorof magnetic
local time. Eventsassociatedwith downwardcurrentswere
only found in the morning sector(four events). Note that
theseresultsincludeonly eventsfor which an identification
of the currentwasstraightforward. The currentsignatures
for the remainingevents were more complicated,and an
associationwith a particulardirection of currentflow was
ambiguous.A forthcomingstudywill show theseresultsin
greaterdetail.

5.4. ConjugateStudy With Ground Stations

For a subsetof 14 events, ground magnetometerdata
were examined in order to determinethe temporal rela-
tionshipof theseeventsto differentsubstormphases.The
groundstationswereselectedon the basisof being in the
generalproximity of Polar’s magneticallyconjugatefoot-
point. For someevents,which occurredat 0200-0300MLT,
andfor which no conjugategroundstations(or data)were
available, we insteadconsultedgroundstationsthat were
closeto local midnight. Thesubstormon August29, 1997
(seenext paragraph),showsthatsubstormgroundsignatures
canextendovermany hourslocal time; thusthelatterselec-
tion criterionseemsto bea reasonablealternative.

In general,the substormonsettime coincideswith the
beginningof a sharpnegative turningof the 9 (or : ) com-
ponentdetectedat individual groundstations. This is the
begin of theexpansionphase.This phaseis followedby the
recovery phaseidentifiedasa gradualretreatof the 9 (or: ) componentto its original values.Often,however, there-
coveryphaseis superimposedby additionalintensifications.
Thegrounddatafor the14 eventspresentedherefit roughly
into this scheme.

We first presenttwo Polar eventswhich took placeon
August29, 1997,andApril 21, 1997,togetherwith ground
data. Additional Polardatafor the August29, 1997,event
were alreadypresentedin Plate1. Toivanenet al. [2000]
havealsoinvestigatedthiseventwith regardto substormon-
set signaturesin the plasmasheet. Polar’s magneticfoot-
point traversedtheCANOPUSarray, which is shown for the
periodfrom 1000to 1100UT on August29, 1997,in Fig-
ure 7, togetherwith the geographiclocationof the ground
stations. Figure8 shows the : componentof the CANO-
PUSstationsfor which datawereavailable. A strongsub-
stormbaysignaturecanclearlybeseenin all groundstations
(with the exceptionof Contwoyto Lake (CONT)), starting
at ) 1035UT. This agreeswith the onsettime determined
from the

= * index. Themagnetogramof Dawson(DAWS)
shows the strongestnegative turning of the : component
(-1000nT), indicatingthatthesubstormelectrojetwasclos-
estto Dawson.Dawsonwasalsothecloseststationto local

midnight, wheremost substormsshow the strongestmag-
neticbaysignature.As arguedin section3, Polarwasmost
likely in thelobeatonsettime. After arapidexpansionof the
plasmasheet,Polarreenteredtheplasmasheetat ) 1037UT,
afterwhich it encounteredstrongelectricfield fluctuations.
Thefocusof this sectionis to establisha temporalrelation-
shipof Polar’s largeelectricfield observationsandsubstorm
phases.Figure9ashows anexpandedview of Polar’s elec-
tric field ( * 0 component)from 1000to 1200UT onAugust
29, 1997,togetherwith the magneticfield observations( :
component)from Fort McMurray, whichweidentifiedasthe
closeststationto Polar’smagneticfootpoint.As canbeseen,
thelargeelectricfield fluctuations,lastingfor ) 5 min in the
spacecraftframe,coincidedwith theexpansionphase.

Figure9bshowsthetemporalcorrelationbetweenground
observations and in situ data for anotherevent that took
placeon April 21, 1997,while Polar’s magneticfootpoint
traversedthe 210 MagneticMeridian chainon an inbound
pass. This substormshowed a 500-nTdeflectionof the 9
componentat Tixie. Again, Polar encounteredvery large
perpendicularelectricfieldsat timesof strongest9 bayde-
flection. According to Tixie, the onsetoccurredat ) 1235
UT, seenin the sharpnegative deflectionof 9 . An earlier
deflectionof 9 , at ) 1233UT, wasobserved at Kotel’nyy
(not shown). This onsettime agreeswith theonsettime de-
terminedfrom the

= * index.

The good temporalcorrelationbetweenPolar observa-
tionsof largeperpendicularelectricfieldsandrapidchanges
in groundmagneticfields as determinedfrom groundsta-
tionsis furthersupportedin Figure10,showing thetemporal
relationshipof large perpendicularelectricfields measured
by Polar and groundmagnetometerdatafor 12 additional
substorms.The unfiltered 9 (or : ) component,depend-
ing on the magnetometerchain, is presented.The ground
stationsusedandtheir locationsaregiven in Table1. The
verticallinesindicatetheoccurrencetimesof thelargeelec-
tric fields recordedby Polar. The positionsof the satellite
at thosetimesareshown in Table2. In all casestheelectric
fieldsoccurredduringtimesof rapidchangesin 9 (or : ), in
closetemporalproximity to geomagneticdisturbancessuch
assubstormonsets/intensifications.In two eventsthe large
electricfield structurewascoincidentwith a rapid recovery
of the 9 component.Twelve events(including the events
in Figure9) wereassociatedwith anexpansion(or intensifi-
cation)phase.An accurateevaluationof whethertheevent
occurredduring the downward or upward swing of the 9
componentwascomplicatedfor someeventsbecauseof dif-
ferencesin the grounddatafrom differentgroundstations
thatwerecloseto eachother.

In thebeginningof section5 it waspointedout that two
eventsoccurredduring very small valuesof ; < and

= * .
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One of theseevents(February25, 1998) is shown in Fig-
ure 10 (last panel). Despitethe small activity indices,the
event coincidedwith a negative turning of the 9 signalat
Kotel’nyy station,indicatinga disturbedmagnetosphere.

5.5. ElectromagneticSignatures

In section4 it wasstatisticallyshown usingmappingrela-
tionshipsthathigh-altitudeperpendicularelectricfieldsob-
served in the nightsideplasmasheetwere consistentwith
both the Alfv én wave model and the static model. Alter-
natively, the natureof perpendicularelectric fields can be
investigatedon the basisof individual events. The * -to-+ ratio andphaseshifts between* and + are two signa-
turesthat aremostsuitedfor suchan analysis[e.g.,Lysak,
1998]. In this sectionwe presentresultsregardingthe ori-
gin of the substorm-relatedelectricfields using * -to-+ ra-
tiosandphaserelationshipsof theelectricandmagneticper-
turbationfields. We incorporateresultsfrom previouscase
studieswhich have investigatedin greaterdetail subsetsof
thelargeelectricfield events( ! 100mV m "$# ) foundin this
study.

Plate4 shows two PSBL crossingsby Polarduring one
inbound(April 21, 1997) and one outbound(October29,
1996)pass.The datafor both daysareshown in the same
format. Plates4a and 4f show the *.0 componentof the
electricfield whichpointsnorthwardandapproximatelyper-
pendicularto the nominalplasmasheetboundary(approxi-
matelyalongGSE 1 ). Plates4b and4g show the west-east
perturbationfrom the ambientmagneticfield (note that in
Plate1 the east-westdirection is shown). This component
liesapproximatelyin theplaneof thenominalplasmasheet.
Plates4c and4h show thePoyntingflux calculatedfrom the
threecomponentsof the perturbationelectricfield and the
threecomponentsof theperturbationmagneticfield. These
perturbationfieldswerecalculatedby detrendingeachcom-
ponentof thefields.Thedetrendingwasdoneby subtracting
a 3-min runningaveragefrom theoriginal data.Thecalcu-
latedPoynting flux vectorwas thenprojectedonto the av-
eragemagneticfield direction. The averagemagneticfield
directionwascalculatedfrom the measuredmagneticfield
vectoraveragedover 3 min. Plates4d, 4e, 4i, and4j show
theenergy spectraof ionsandelectrons.

The April 21, 1997, lobe-PSBLcrossingis character-
ized by the sharp flux increaseof ions and electronsat
1236UT seenin Plates4d and4e. Immediatelyfollowing
theentry, Polarencounteredlargeelectricandmagneticfield
perturbations.The magneticfield perturbationwas super-
imposedon field-alignedcurrents. The perturbationfields
near the lobe-PSBLinterface were very similar in wave-
form with peakamplitudesof -130 mV m "$# and -14 nT.
Thefield-alignedPoyntingflux associatedwith thesefluctu-

ations(Plate4c) wasdirecteddownwardtowardthenearest
ionosphere.It waslargestnearthelobe-PSBLinterface( ) 1
ergscm"&% s"8# ). Theratio of thepeakelectricandmagnetic
field of the perturbationsignalsis ) 9300km s"8# . This is
comparableto the local Alfv én speedof ) 11,000km s"8#
determinedfrom in situ plasmaparameters.Thecorrelated
electricandmagneticfield perturbationsarethusconsistent
with the propagationof Alfv én waves along the magnetic
field. Resultsof a studyby A. Keiling et al. (unpublished
manuscript,2000),investigatingthespectralcompositionof
the electricandmagneticwave fields of a subsetof events
(includingtheApril 21,1997event),indicatethepresenceof
smaller-amplitudeAlfv énwaveswith a local standingwave
structurein both the tail lobe andthe PSBL in the Pi2 fre-
quency range. The standingwave structurecanbe caused
by downward traveling Alfv én waves that reflectoff at al-
titudesbelow thesatellite.Poynting flux calculationsallow
determiningthe directionof net energy flow. The event on
April 21, 1997,clearly shows (Plate4c) that the earthward
componentdominatesoverthereflectedone.An exampleof
standingAlfv én wavesin the tail lobe canbe seenat 1233
UT on April 21,1997(Plates4aand4b).

The event on October29, 1996 (Plates4f-4j), occurred
furtherinto thePSBLwhile Polarwason anoutboundpass.
Polar enteredthe PSBL before 0030 UT and enteredthe
tail lobe at ) 0100 UT (not shown). The largestelectric
field pulse( ) 190mV m "$# ) occurredat ) 0037UT. Shortly
thereafter, a smallerelectricfield pulse( ) 70 mV m "$# ) at) 0038:30UT wasencountered.Both pulseswereassoci-
atedwith currentsheetsof oppositedirection. Theelectron
particleflux wasreducedbetweenthe two pulses;possibly
alsothe ion flux which canonly be seenvaguelyowing to
the limited energy rangeof the instrument. Immediately
precedingthe largestelectricfield pulseis a region of en-
hancedelectronflux. In contrastto the event on April 21,
1997, the electric and magneticfield signalsfor the event
on October29,1996,do not show similar waveformson the
scaleof 10-60s. A calculationof thePoynting flux, for the
sameperiod rangeas usedfor April 21, 1997, also yields
large field-alignedPoynting flux ( ! 0.5 ergs cm"&% s"$# ) di-
recteddownward (Plate4h). The magneticperturbationof
the field-alignedcurrentslargely contributesto this Poynt-
ing flux. We emphasizethat Poynting flux calculationsare
stronglydependenton themodelsubtractionandon thepe-
riod rangechosenfor filtering. A separationof a possible
Alfv éniccontribution requiresadditionalfiltering [see,e.g.,
Lotko andStreltsov, 1997]. The identificationof the origin
of theelectricfieldsfor this eventis not asunambiguousas
in thecaseof April 21, 1997,andwill be furtheraddressed
in a forthcomingstudy.

An inspectionof the * -to-+ ratioof sevenothersubstorm-
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relatedfields, which showed correlatedelectric and mag-
neticfield signals(includingtheeventsin thework of Wygant
et al. [2000] andKeiling et al. [2000]), yieldsthattheratios
areconsistentwith wave phasevelocitiesbetween8600and
18,000km s"8# , which is similar to the local Alfv én speed
of 12,000-21,000km s"$# determinedfrom plasmameasure-
ments.This is evidenceon thebasisof individualcases,that
at leastonetypeof substorm-relatedelectricfieldswasasso-
ciatedwith Alfv énwaves.Othereventsshow lesscorrelated
signals(e.g.,October29, 1996). Someof theseeventsre-
semblethe DE 1 electricfield event investigatedby Lotko
andStreltsov [1997] (seesection6.3 for furtherdetails). In
thenext sectionwe will commenton thePoynting flux cal-
culationof all 24 events.

5.6. Poynting Flux

In thework of Keiling et al. [2000],Poynting flux calcu-
lationswerepresentedfor asubsetof the24events.Theirse-
lectioncriterionwasthat theeventsshowedwell-correlated
electric and magneticfield signals,and thus an identifica-
tion of theAlfv énicnaturewasunambiguous.Theseevents
showedlargefield-alignedPoyntingflux, four of whichwith
aclearlydominatingearthwardcomponentwith magnitudes
up to 2 ergscm"6% s"8# . Oneevent(August29,1997)showed
both largedownwardandupwardPoynting flux. Keiling et
al. [2000] filtered the dataon an individual basis,allowing
only the Alfv énic componentto contribute to the parallel
Poyntingflux. In thestudypresentedherewe calculatedthe
Poyntingflux for all 24events(in thesamewayaswasdone
for the previous two events)to estimatethe amplitudeand
direction of the local electromagneticenergy flux regard-
lessof their origin. Thuselectromagneticenergy carriedby
Alfv énwavesandfield-alignedcurrentscouldcontributeto
thePoyntingflux values.

For 21 eventsthe largestparallelPoynting flux compo-
nentthroughouttheentireelectricfield structureassociated
with eachevent, which could last up to 5 min, wasdown-
ward toward the northernionosphere.Eventsreportedby
Wygantet al. [2000] andKeiling et al. [2000] areincluded
in this statistics. The peakvaluesrangedbetween0.3 and
2.5 ergs cm"6% s"8# . Whenmappedto ionosphericaltitudes
( ) 100km) alongconvergingmagneticfield lines,thePoynt-
ing flux would reachmagnitudesup to 300 ergs cm"6% s"8# .
This is largeenoughto power very intenseauroras.In sec-
tion 5.4 we showedthat the24 eventswereassociatedwith
geomagneticdisturbancessuchassubstorms.Therefore,the
Poynting flux calculationsshow that large electromagnetic
energy flow in theplasmasheet,mostly in thePSBL, is as-
sociatedwith stronggeomagneticdisturbances.

6. Discussion

We describedresultsof a statisticalsurvey of perpendic-
ular electric fields recordedduring 2 yearsof Polar oper-
ation, consistingof ) 940 orbits and ) 1880 auroralzone
crossingsat high altitudein theNorthernHemisphere.The
resultsdemonstratethat very largeamplitudeelectricfields
perpendicularto the ambientmagneticfield occur at geo-
centricdistancesof 4-7 ��� . Wygantet al. [2000] already
reportedtwo of the very large electric field events( ! 100
mV m "8# ) whichcamefrom thesamedatabaseasusedin the
studypresentedhere.ISEE1 and2 aretheonly othersatel-
lites that have traversedthe altituderangethat wasstudied
in this paper(4-7 � � geocentricdistancein the nightside).
Thereare, however, significantdifferencesto Polar’s orbit
and instrumentationthat make this studyrelevant. ISEE 1
and2 wereplacedin an equatorialorbit. The electricfield
instrumentonly containedprobesin theequatorialplaneand
could not measurethe componentof the electricfield per-
pendicularto the ecliptic andapproximatelynormal to the
plasmasheet.In the Polardatasetthis componentwasthe
largestcomponent.In anattemptto characterizeperpendicu-
lar electricfieldsin themagnetotailat furtherdistances( ! 23��� ), Geotailstudieshave alsobeenlimited by thefact that
theonboardelectricfield instrumentonly measuresthecom-
ponentsin the spin plane,which approximatelycoincides
with theequatorialplane.

6.1. Location of Events

For an understandingof the magnetosphereasa whole,
it is importantto establishlinks betweendifferentregionsin
the magnetosphere.In this study it was found that almost
all large perpendicularelectricfields between4 and7 � �
(geocentricdistance)occurredon field linesthatweremag-
netically conjugateto the auroralaccelerationregion. This
providesevidencethattheelectricfieldsaredirectlyor indi-
rectlyrelatedto auroraldynamics.Thisresultallowsadirect
comparisonto previousstudies,which presentedglobaldis-
tributionsof perpendicularelectricfieldsfor loweraltitudes.
Karlssonand Marklund [1996], usingFrejadata,observed
the majority of large perpendicularelectric field eventsin
the midnight andearly morningsectorsof the auroraloval
in the altituderangefrom 1400to 1770km. Bennettet al.
[1983] andRedsunet al. [1985], usingS3-3data,showed
thatthelargestperpendicularelectricfield eventsup to 8000
km altitudetendedto occurbetween1600and2200MLT.
ThePolarresultsreportedhereshow a concentrationof the
largerelectricfields( ! 50mV m "$# ) aroundmidnightwith a
few moreeventsin themorningsector. Thisdiffersfrom the
S3-3study, but is similar to the Frejastudy. However, we
pointout thatthedifferencebetweeneveningsideandmorn-
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ingsidein thePolardatasetis not statisticallysignificantto
confirma statisticaltrend.

An additionalfeaturein the Polardistribution is a small
concentrationof electricfields( ' 50mV m "8# ) around1500
MLT, which coincideswith the hot spot. The hot spot is a
regionof increasedelectronenergy flux [Evans, 1985]or in-
creasedprobabilityof observingelectronaccelerationevents
[Newell et al., 1996] inferred from low-altitude satellites.
This correspondencefurther shows the link betweenelec-
tric fieldsat high-altitudeandlow-altitudeaccelerationpro-
cesses.

A peculiarresult,for which we have no definiteexplana-
tion, is the low event rateat dawn ( ) 0500MLT) anddusk
( ) 1900MLT). Onepossibility could be that theseregions
show the dividing lines betweendaysideandnightsideau-
rora,which aretwo differentphenomena.Thenightsideau-
rora is believed to be magneticallyconnectedto the PSBL
whereasthedaysideaurorais connectedto thecusp.Hence
it seemsnaturally that thereis not a smoothtransitionbe-
tweenthe two regions. If so, it is peculiar, however, that
this featuredoesnotappearto somedegreein lower-altitude
distributions.

6.2. Altitude Dependence

It hasbeenanongoingissuein auroralphysicsto discover
theorigin of largeperpendicularelectricfieldsobservedon
auroralfield lines. Two views exist which are physically
very different. In one model, the electric fields are inter-
pretedaselectrostaticstructures,calledelectrostaticshocks
by someresearchers.The observed electric and magnetic
field fluctuationsare causedby the motion of the space-
craft througha systemof staticfield-alignedcurrentstruc-
turesimbeddedin theionosphere[Smiddyet al., 1980].The
fluctuationsarehenceentirely causedby the Dopplershift.
In the othermodel,the observedelectricfields arethe per-
turbationfield of Alfv én waves,which areelectromagnetic
structures.To helpdecidethis issue,oneapproachhasbeen
to usestatisticalmethodsto determinethe relationshipof
electric field magnitudesat different geocentricdistances.
The assumptionof a static model in the form of (2) has
beenappliedto distancesfar out into the distantmagneto-
tail. Mozer [1981], Levin et al. [1983], and Streedet al.
[2000]concludedthattheperpendicularelectricfield magni-
tudesarenot inconsistentwith equation(2) out to 7, 23,and
100 � � , respectively. Thereis, however, growing evidence
in the form of casestudiesthat,at least,someauroralelec-
tric fieldsareAlfv énic[e.g.,Dubininetal., 1990;Lotko and
Streltsov, 1997; Wygantet al., 2000;Keiling et al., 2000].
Polardataaresuitableto investigatethe natureof the elec-
tric fieldsbothin a statisticalanalysis,throughinvestigation
of possiblemappingrelationships,andin casestudies.The

additionaluseof astatisticalstudyis to makeanassessment
of many eventsinsteadof only a few selectedevents,which
may representa small classof events. Ideally, onewould
liketo simultaneouslymeasureelectricfieldsalongonefield
line andcomparevaluesat differentaltitudes.Until a multi-
satellitemissionis in place,werely onstatisticalanalysesto
investigatethemappingrelationship.

In thefirst partof thestudypresentedherewe compared
Polardatato thestaticmodelin theform of (1) and(2), and
within the rangeof statisticaluncertainties,we confirmed
the static model. However, we also showed that the data
are consistentwith the model in which the observed elec-
tric fieldsaretheperturbationfieldsof shearAlfv énwaves,
which could be excited on auroralfield lines in the distant
tail. While propagatingtoward the ionosphere,the conver-
gentmagneticfield focusestheAlfv énwave,andthepertur-
bation electric field magnitudeincreases.In this casethe
electric fields do not map quasi-staticallyalong magnetic
field lines, and the mappingcharacteristicof the electric
fields was shown to be proportionalto ^ h i + , where h i
is the parallel phasevelocity of an Alfv én wave and + is
the ambientmagneticfield strength.The assumptionmade
is that the power flow, ` =�a�b E dfe *�g e + , is constantalong
the flux tube. At low altitude,i.e., in the inertial regimeof
Alfv énwaves,thiswill beviolatedowing to dissipationpro-
cesses(e.g.,particleacceleration)andwave dispersion(ki-
netic Alfv én waves,finite �I- ) [Lotko and Streltsov, 1997].
Theimportanceof our resultis thatit removesoneobjection
againsttheAlfv énwavemodel,andthatit statisticallyshows
that Alfv én wavescould be a very commonoccurrenceon
auroralfield lines, forming the majority of large-amplitude
perpendicularelectricfields( ! 20mV m "$# ). Earlierstatisti-
calstudiescoveringthesameregiondid notattemptto show
whethertheir datawerealsoconsistentwith Alfv énwaves.

Polardatacan be consistentwith both the staticmodel
and the shearAlfv én wave model, becausethe average
Alfv én speedbetween4 and7 ��� variesby only a factor
of 2 to 3. This variation is not large enoughto separate
the modelsgiven the statisticaluncertainties.This is also
truefor distancesfurther than7 ��� . Hence,if (3) wereap-
plied to ISEE1 data[e.g.,Mozer, 1981;Levin et al., 1983],
the resultswould be inconclusive aswell. The theoretical
Alfv én speedprofile from the ionosphereto the equatorial
planealonga magneticfield line [e.g.,Streltsov andLotko,
1997,Figure1] shows that the largestchangein hji (a fac-
tor of 40-50)occursaround1 and3 � � geocentricdistance.
This region,however, overlapswith theauroralacceleration
region in which field-alignedpotentialdropsoccur. Hence,
onewould not expectthesimplerelation(3) to hold in this
region.

Furthermore,notethatboththestaticmodelandtheshear
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Alfv énwavemodelappliedin thisstudycontaintheimplicit
assumptionthat electric fields on the samemagneticfield
line arerelated.Thereforetheconsistency of Polardatawith
bothmodels,togetherwith thedistributionin ILAT andMLT
of electricfield events(Plate2), is strongevidencethatper-
pendicularelectricfieldsonauroralfield linesatvariousalti-
tudesareindeedrelatedto oneanother. Polar’shigh-altitude
observationsarethusrelatedto the large-amplitudeperpen-
dicular electricfields, routinely observed in the auroralac-
celerationregion, which arebelieved to be responsiblefor
discreteauroralarcs[e.g.,Torbert andMozer, 1978;Kletz-
ing et al., 1983;Lyons, 1991].

6.3. Substorm-RelatedElectric Fields

In a further attemptto characterizeauroralperpendicu-
lar electricfields, we investigatedthe largestelectricfields
( , *.0X,r! 100mV m "8# ) foundduring the2-yeartime period
of the statisticalstudy with regard to polarization,plasma
regime,associationwith field-alignedcurrents,electromag-
neticsignature,Poynting flux, andgeomagneticactivity. In
24crossingsoutof ) 940orbits,24electricfieldsof perpen-
dicularmagnitudegreaterthan100mV m "$# (6 s averaged)
werefound.

Theelectricfield structuresof theeventswerepolarized
dominantly north-southwhen mappeddown to the iono-
sphere. Observationsof large perpendicularelectricfields
at low altitudes,madewith the Frejasatellite,alsoshowed
dominantlynorth-southpolarization[Marklundetal., 1995],
giving furtherevidence(in additionto locationandaltitude
dependence)that the largeeventspresentedherearerelated
to low-altitude events. Bearingin mind the difficulties of
identifying the plasmaregime associatedwith someof the
largeelectricfields,we concludedthat ) 85%of theevents
occurredat or nearthepolewardedgeof thePSBL.There-
maining eventsoccurreddeeperinside the CPS.An ISEE
1 studycovering the rangefrom 7 to 23 � � found similar
resultswith the exceptionthat the authorsassociatedall of
their eventswith thePSBL[Cattell etal., 1982].

Our studyshows thatvery large,dominantlynorth-south
polarizedfields in the magnetotailweredirectly correlated
with therapidchangesin the 9 (or : ) componentof ground
magnetometerrecordsindicatingtheoccurrenceof geomag-
neticdisturbancessuchassubstorms.Althoughotherstud-
ies [Nishidaet al., 1983; Aggsonet al., 1983; Cattell and
Mozer, 1984;Pedersenet al., 1985;Smitsetal., 1986;May-
nard et al., 1996] have identified large perpendicularelec-
tric fieldsduringtimesof substorms,theseobservationsdif-
fer from our observationsin locationandpolarizationof the
electric fields. It was reportedthat they occurredcloseto
the equatorialplane within 20 ��� and were polarizedin
thedawn-duskdirection. Thesefieldswereattributedto ei-

therenhancedconvectionor dipolarization,noneof which is
a likely generationmechanismfor the fields reportedhere.
For onesubstormeventobservedby ISEE1 and2, Kelly et
al. [1984] reasonedthatplasmaflow in theazimuthal(west-
east)direction,embeddedin a currentsheet,couldaccount
for the observedlarge,north-southpolarizedelectricfields.
For a large fraction of events( ' 50%) presentedhere, the* -to-+ ratio of the two perturbationfields was consistent
with Alfv énwaves.Someof theeventsdid not show a good
correlationbetweentheelectricandmagneticfields,at least
for the 10-60periodfluctuationsconsideredhere. In these
casesthe intenseelectric fields often occurredat the edge
of a field-alignedcurrentsheet,which resemblesmore an
electrostaticstructure. Someof theseeventsresemblethe
DE 1 electricfield eventinvestigatedby Lotko andStreltsov
[1997]. The authorsargued that in a specifiedfrequency
range,the event exhibits the waveform andphasestructure
of a dispersivefield line resonance.

Poynting flux calculationshave demonstratedthat the
majority of events(21 events)wereassociatedwith strong
Poyntingfluxesup to 2.5ergscm"&% s"$# , directeddownward
along the backgroundmagneticfield into the ionosphere.
If this Poynting flux reachedthe ionosphere,its magnitude
would exceed300ergscm"&% s"$# owing to convergingmag-
neticfield lines. This would besufficient to power themost
intenseauroras.

6.4. OccurrenceFrequency

Havingshown thatthelargestperpendicularelectricfields
( ! 100mV m "$# ) investigatedin this studyoccurredduring
theexpansion/intensificationphase,it is importantto inves-
tigatewhethereverysubstormis accompaniedby largeelec-
tric fields like the onesshown in this study. This issuecan
beaddressedin a probabilisticmanner. Sincesubstormsoc-
cur ) 4 or 5 timesa day, thosefieldsshouldoccura signif-
icant fraction of time. During a periodof 2 years,only a
total of 24 eventswereobserved. Although this is a small
number, it must be realizedthat Polar spendsmost of its
time outsidethe plasmasheet.Alternatively, it wasshown
thatthesubstorm-relatedelectricfields( ! 100mV m "$# ) oc-
curredwith a probability of 2-4% per plasmasheetcross-
ing in the nightside.Consideringthata Polarplasmasheet
crossingtakes ) 30-60 min and large electric fields occur
closerto thepolewardedgeof theplasmasheet,2-4%repre-
sentsasignificantfractionof time. If weallow for substorm-
relatedelectricfields lessthan100mV m "$# (for which we
also have evidence),the probability of encounteringthese
fields will increase. For example,we showed that events
with electric fields larger than 50 mV m "$# occurredwith
a 15% probability. On the otherhand,the probability that
an expansionphaseoccurswhile Polar is in the plasma
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sheetvariesbetween8 and20%. This roughcalculationis
basedon thePolarplasmasheetcrossingtime of 30-60min
andthe assumptionthat 4-5 substormsoccurper day, with
the expansion/intensificationphasebeing treatedas a sin-
gle event. Hencetheoccurrencefrequency of electricfields
largerthan50mV m "8# is comparableto thesubstormoccur-
rencefrequency, which suggeststhatnorth-southpolarized,
large electricfields might be generallycorrelatedwith the
substormexpansion/intensificationphase.Naturally, this is
only a roughcomparison.The argumentationgivenhereis
only suggestiveandrequiresfurtherinvestigation.

In a study by Karlsson and Marklund [1996], it was
shown that large perpendicularelectric fields at low alti-
tudedo not dependon the level of geomagneticactivity in-
ferredfrom the ;�< index. This is, however, not necessar-
ily inconsistentwith theabovecomparison,becausesmaller-
scalegeomagneticdisturbancessuchas,for example,pseu-
dobreakups[Koskinenet al., 1993]canalsomanifestthem-
selvesin grounddatabut arenot necessarilydetectedwith
the coarse ;�< index. In fact, we found that in spite of
verysmall ;�< valuesduringtheoccurrenceof someintense
electricfields, geomagneticdisturbanceswerenevertheless
recordedat individualgroundstations.

7. Conclusions

Thesurvey of 2 yearsof Polarhigh-altitudeperpendicu-
lar electricfield dataresultedin the following conclusions
(only the * 0 componentwasinvestigatedfor thispartof the
study):

1.Largeelectricfieldsperpendicularto boththemagnetic
field andthe planeof the nominalplasmasheetat 4-7 � �
canexceed100mV m "8# .

2. Almost all electricfield events( ! 20 mV m "$# ) were
foundwithin thestatisticallocationof theauroralovalwith a
few eventsoccurringinsidethestatisticallocationof thepo-
lar cap.Thedistribution alongtheauroraloval wasnot uni-
form. Thelargestelectricfieldsoccurredmoreoftenaround
local midnight. The daysideeventswere lessintensethan
thenightsideevents.Onthedaysideasmallconcentrationof
electricfieldsexistedat ) 1500MLT, which coincideswith
theso-calledhot spot. Thereweretwo 2-hourwide regions
on thedawnside( ) 0500MLT) andduskside( ) 1900MLT)
which showed significantly lower event ratesthan the sur-
roundingregions.

3. The magnitude-versus-altitudedistribution is consis-
tentwith bothastaticmodelandashearAlfv énwavemodel.
We regardthis asnew supportfor the Alfv én wave model,
whichmeansthatAlfv énwaves(beingacommonfeatureon
auroralfield lines) could, in principle, accountfor the ma-
jority of electricfield observationsfor small andlarge am-

plitudes.

4. The occurrencefrequency of electricfield eventsde-
creasedmonotonicallywith increasingmagnitude.

Thesecondpartof thisstudyfocusedonindividualevents
selectedfrom thestatisticaldatabase.Theselectioncriterion
wasthat theamplitudeof the *.0 componentexceeded100
mV m "8# . Over theentireperiodof 2 years,24 eventswere
found. The importantresultsregardingthe largestelectric
fieldsaresummarizedasfollows:

1. About85%of theeventsoccurredin thevicinity of the
outer boundaryof the plasmasheet;the remainingevents
occurredfurtherinto theplasmasheet(CPS).

2. Thelocationof theouterboundaryof theplasmasheet
rangedfrom 65( to 78( ILAT for theplasmasheetcrossings
associatedwith the24events.

3. The events occurredin regions of large-scalefield-
alignedcurrents.

4.Thepolarityof theelectricfieldswasdominantlyin the
north-southdirection,perpendicularto the nominalplasma
sheetboundary.

5. Theeventsoccurredwith a 2-4%probabilityperPolar
plasmasheetcrossing.

6. For a large fraction ( ' 50%) the ratio of electricand
magneticfieldsyieldedwavephasevelocitiesof 8600-18,000
km s"8# , which wasin therangeof thelocal Alfv énvelocity
of 12,000to 21,000km s"$# .

7. A majority of the events(21 events)was associated
with largefield-alignedPoyntingflux ( ) 1ergscm"&% s"$# ) di-
recteddownwardinto theNorthernHemisphereionosphere.

8. For 14 eventsit wasshown that they occurredduring
timesof rapidchangesin the 9 (or : ) componentof ground
magnetometerdatain closetemporalproximity to geomag-
netic disturbancessuch as substormonset/intensification.
For theremainingeventsit wasfoundthatthey alsooccurred
duringactive timesdeterminedfrom the

= * index.

From theseresultsit is evident that large perpendicular
electricfields( ! 20mV m "8# ) observedonauroralfield lines
arerelated,although,onthebasisof thestatisticalpartof this
study, we can not conclusively decideof what origin they
are.However, besidetheoftenquotedelectrostaticmodelto
explain thebulk of auroralelectricfields,it wasstatistically
shown, for the first time at altitudesbetween4 and7 ��� ,
thattheAlfv énwavemodelcannotberuledoutasapossible
generationmechanism.Despitetheambiguityof thestatisti-
cal study, we canconclude,on thebasisof the * -to-+ ratio
andthephasingrelationshipof theelectricandmagneticper-
turbationfieldsfor individual events,thata largefractionof
thelargestevents( ! 100mV m "$# ) aretheperturbationfields
of Alfv énwaves.Theothereventsrequirefurther investiga-
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tion. Poynting flux calculationsfor the 24 eventsindicate
that thereis a clear dominanceof downward field-aligned
Poyntingflux. This resultis in agreementwith Wygantetal.
[2000],Keiling etal. [2000],andToivanenetal. [2000]. We
alsodemonstratedthat the largestevents( ! 100 mV m "8# )
occurredduringtheexpansion(or intensification)phase,and
thus there is further evidencethat electromagneticenergy
transferprocessesoccurduring the mostdynamicphaseof
geomagneticdisturbances.
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Table 1. GroundMagnetometerStationsusedin Figures9 and10

StationName MagnetometerArray GLAT, deg GLON, deg

Gillam CANOPUS 56.38 265.36
Dawson CANOPUS 64.05 220.89
Iqaluit MACCS 63.8 291.5
Pangnirtung MACCS 66.1 294.2
Tixie 210MM 65.7 197.1
Kotel’nyy 210MM 69.9 201.0
HopenIsland IMAGE 74.02 110.48
BearIsland IMAGE 71.33 108.73

Table 2. PolarEphemerisDatafor theEventsin Figures9 and10

Date GeocentricDistance MLT L Value

May 23,1996 5.8 2202 9.0
Sept.15,1996 5.1 0235 8.6
Sept.23,1996 5.0 0230 16.0
Nov. 15,1996 6.5 2304 17.8
Feb. 11,1997 5.5 0325 10.0
April 2, 1997 5.1 0005 8.0
April 3, 1997 6.5 0052 12.2
April 21,1997 5.5 2249 7.8
May 1, 1997 5.2 2320 7.8
May 9, 1997 4.8 2157 9.0
Aug. 3, 1997 4.8 0414 6.0
Aug. 29,1997 4.6 0242 6.5
Feb. 18,1998 4.3 0325 8.5
Feb. 25,1998 4.7 0154 8.5
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Figure 1. Projectionof electricfield eventswith perpendicularamplitudelarger than20 mV m "$# occurringbetween0900
and1500MLT andbetween2100and0300MLT ontothenoon-midnightplane(NorthernHemisphere).

Figure2. Distributionof in situ electricfield eventsplottedversusgeocentricdistance.Theeventsarethosethatlie between
65(�! ILAT ! 75( and2100' MLT ' 0300(boxoutlinedin Plate2a).
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Plate 1. Plasmasheetcrossingon August29, 1997,showing large-amplitudeelectricfields. (a,b)Two electricfield compo-
nentsin thespinplaneof thesatellite( * 3 is approximatelyin theecliptic plane,with positive valuesin thedirectionaway
from the Sun; *.0 pointsnorthwardandperpendicularto the ecliptic plane,approximatelyalongGSE 1 ), (c) the magnetic
field perturbationfrom the ambientfield (pointing east-west),(d) the electrondensity, and(e,f) energy-time spectrograms
of ionsandelectrons.Thesatelliteleft theplasmasheetfor thefirst time at ) 1033UT, shortlyafterwhich it reenteredthe
plasmasheetat ) 1037UT.
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(a) (b)

(c) (d)

Plate 2. Distribution of electricfield eventsasa function of ILAT andMLT for valueswith (a) , * 0 ,X! 20 mV m "$# , (b), * 0 ,�! 50mV m "$# , and(c) , * 0 ,�! 100mV m "$# . Theboxoutlinedin Plate2aindicatestheregionthatis usedfor otherparts
of thestatisticalanalysis.(d) Thedatacoverageby thePolarsatellite.Thecolor scaleindicatesthetimespentperunit area.
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(a) (b)

Contour curves (Polar data) Dipole mapping (Model)

Figure 3. Comparisonof Polardataandmodelcalculationsregardingthe altitudedependenceof electricfields. (a) Four
contourcurves(0.5, 1, 5, and10%)calculatedfrom thedatashown in Figure2. (b) Calculationof quasi-staticallymapped
electricfieldsin a dipolemagneticfield usingequation(1). Thefirst datapointsto theleft of eachcontourcurve in panel(a)
wereusedasreferencevalues(seetext for furtherdescription).

Plate 3. Comparisonof threemappingschemes.The red (green,blue) curvesarecalculatedfrom equation(1) (equation
(2), equation(3)). The referencevalues(interceptionof curves)werechosento be the samefor all schemes(seetext for
description).
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Figure 4. The local Alfv énspeed,hji , in theplasmasheet,associatedwith 41 randomlyselectedeventsof theelectricfield
database,calculatedfrom in-situ measurementsof thefield andplasmaparameters.
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Figure 5. Probabilitiesof electricfield eventsasa function of the electricfield value. The eventsare thosethat lie be-
tween65(@' ILAT ' 75( and2100' MLT ' 0300(box outlinedin Plate2a). Theelectricfield dataweregroupedinto binsof
10 mV m "$# width. The left scaleshows the probability of an event occurrencewithin the definedregion. The right scale
shows the probabilityof observingat leastoneeventwithin a certain10 mV m "$# bin perPolarplasmasheetcrossing(see
text for furtherdescription).
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Figure 6. Comparisonof themagnitudesof thetwo perpendicularelectricfield components(east-westandnorth-south)for
the24 largestelectricfield eventsfoundduring2 yearsof Polaroperation.
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Figure7. Thegeographiclocationsof theCanadianAuroralNetwork For theOpenUnifiedStudy(CANOPUS)stations.The
solid line indicatesPolar’smagneticfootpointon August29,1997,from 1000to 1100UT.
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Figure 8. : componentof CANOPUSstations. All stationsrecordeda strongsubstormsignature(with the exception
of CONT), startingat ) 1035 UT. The magnetogramat Dawson (DAWS) shows the sharpestnegative turning of the :
component( ) 1000nT), indicatingthatthesubstormelectrojetwasclosestto it.
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Figure 9. (a) The perpendicularelectricfield measuredby Polarin comparisonto the : componentmeasuredby the Fort
McMurray magnetometerfor August29, 1997. (b) Theperpendicularelectricfield measuredby Polarin comparisonto the9 componentmeasuredby theTixie magnetometerfor April, 21,1997.
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Figure10. Temporalcomparisonof largeelectricfield eventsmeasuredby Polarandgroundmagnetometerdata.Depending
on themagnetometerchain,eithertheunfiltered 9 or : componentis shown. Thevertical lines indicatetimeswhenPolar
observedelectricfield fluctuationslargerthan100mV m "$# . Eachpanelshowsadifferentsubstorm/plasmasheetcrossing.
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Plate 4. Two PSBL crossingswhich showed large-amplitudeperpendicularelectricfields. (a-e)From top to bottom,one
electricfield component(approximatelyalongGSE 1 ; 6 s averaged),thewest-eastcomponentof themagneticfield (model
subtracted;6 secaveraged),thePoynting flux associatedwith electricandmagneticfield perturbations(seetext for descrip-
tion), andenergy-timespectrogramsof ionsandelectrons.(f-j) Sameasin Plates4a-4ebut for October29,1996.


